Ketoacyl reductases (KRs), hydroxyacyl dehydratases (HDs) and enoyl reductases (ERs) are part of the fatty acid and polyketide synthesis cycles. Their reverse reactions, catalyzed by acyl dehydrogenases (equivalent to ERs), enoyl hydratases (equivalent to HDs) and hydroxyacyl dehydrogenases (equivalent to KRs), are part of fatty acid degradation by b-oxidation. These enzymes have been classified into families based on similarities in their primary and tertiary structures, and these families and their structures are included in the ThYme (Thioesteractive enzYmes) database. Members of each family have strong sequence similarity and have essentially the same tertiary structure, mechanism and catalytic residues.
Introduction
Fatty acids and polyketides are a structurally and functionally diverse family of chemicals abundant throughout nature. In producing fatty acids, six biosynthetic steps, catalyzed by acyl-coenzyme A (CoA) synthases, acyl-CoA carboxylases, ketoacyl synthases, ketoacyl reductases (KRs), hydroxyacyl dehydratases (HDs) and enoyl reductases (ERs), elongate acyl chains by two carbon atoms per cycle until cleavage of CoA or acyl carrier protein (ACP) activating agents by thioesterases stops the process (Fig. 1 ). This process can be catalyzed by a single multimodular enzyme, fatty acid synthase (FAS) in type I fatty acid synthesis, or by individual enzymes catalyzing each reaction in type II fatty acid synthesis.
In polyketide synthesis, the KR-, HD-and ER-catalyzed steps do not have to occur at every turn, thus leaving keto or hydroxy groups or double bonds in the acyl chain. Also, substrates other than malonyl-CoA can elongate the acyl chain, adding different functional groups to it. The polyketide synthesis cycle is terminated by hydrolysis of the thioester bond between the chain and ACP or CoA, either with water or with a hydroxy group in the chain, the latter cyclizing the molecule. These two cycles have been proposed as a potential source for industrial and specialty biorenewable chemicals (Nikolau et al., 2008) .
Fatty acids are broken down by b-oxidation, where the KR-, HD-and ER-catalyzed steps in the fatty acid synthesis cycle operate in reverse, with these enzymes given names characteristic of the reverse reactions. Oxidation of an acyl-CoA molecule to give 2-enoyl-CoA is catalyzed by acyl-CoA dehydrogenase (equivalent to ER) with a flavin adenine dinucleotide (FAD) prosthetic group. Hydration of 2-enoyl-CoA is catalyzed by 2-enoyl hydratase (equivalent to HD), yielding 3-hydroxyacyl-CoA. The third step is oxidation of 3-hydroxyacyl-CoA by catalysis with L-3-hydroxyacyl-CoA dehydrogenase (equivalent to KR) using nicotinamide adenine dinucleotide (NAD þ ) to give 3-ketoacyl-CoA. A final step, catalyzed by 3-ketoacyl-CoA thiolase and involving addition of CoA, removes an acetyl-CoA molecule and leaves an acyl-CoA molecule two carbon atoms shorter than before.
Information about enzymes and their catalytic domains has been organized into several databases such as GenBank (Benson et al., 2009) , UniProt (UniProt Consortium, 2010) , the Protein Data Bank (PDB) (Berman et al., 2000) and the International Union of Biochemistry and Molecular Biology (IUBMB, 1992) enzyme nomenclature system, which uses standardized Enzyme Commission (EC) numbers. GenBank and UniProt are enzyme sequence (primary structure) databases, which can expedite searches to group enzymes into families based on their similar primary structures. The PDB is a database for 3D (tertiary) protein structures, useful for further family classification. On the other hand, the EC system specifies enzymes by their functions rather than by their structures. This is problematical when enzymes with similar sequences have multiple EC numbers. Furthermore, many enzymes with similar substrate specificities and products and therefore similar EC numbers have very different primary structures and therefore belong to non-related families.
We have established the ThYme (Thioester-Active EnzYmes) database (Cantu et al., 2011) in which fatty acid and polyketide synthesis enzymes are classified by their primary and tertiary structures. In this article we report the classification of KR, HD and ER enzyme groups. Each enzyme group consists of more than one family, where members of different families have essentially different sequences, implying that in general they may be descended from different protein ancestors. Enzymes in a family must have strongly similar primary structures, nearly identical tertiary structures (if known), and must share general mechanisms as well as catalytic residues located in the same tertiary structure positions.
Computational methods
Methods for identifying families were developed in our previous work (Cantu et al., 2010) , and here are applied to KRs, HDs and ERs. The process can be summarized in five major steps:
(1) Experimentally verified enzyme sequences were used as queries. They were gathered from UniProt, using only reviewed entries noted as having 'evidence at protein level'. (2) Successive Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1997) searches and comparison among results reduced query sequences to a few representative ones. (3) The catalytic domains of representative query sequences were subjected to BLAST to populate the families, using an E-value of 0.001 to differentiate among them. These domains were identified by referring to Pfam-A (Finn et al., 2010) , or they were found in the query sequence by constructing a hidden Markov model profile (Eddy, 1998 ) from a multiple sequence alignment (MSA) based on the initial BLAST result. (4) Experimentally confirmed enzymes were surveyed to search for missing enzyme families. (5) Families were confirmed by MSAs using MUSCLE (Edgar, 2004) , tertiary structure superpositions and comparisons with MultiProt (Shatsky et al., 2004) and catalytic residue positions.
Values of root mean square deviation (RMSD) between two structures, RMSD ave (among three or more structures) and P ave (the average percentage of a-carbon atoms of the amino acid residues used to calculate the RMSD between two compared structures) were calculated, as explained in detail in the Supporting Information in Cantu et al. (2010) .
Results and discussion

Family identification
Seventeen putative KR, HD and ER families were identified. They include four KR families (KR1 -KR4), eight HD families (HD1 -HD8) and five ER families (ER2 -ER6, ER1 having been deleted) ( Table I and Supplementary Table SI) .
A representative tertiary structure and the characteristic structural fold of each family appear in Table II Superimposing one structure per species within each family gave low RMSD values, ranging from 0.62 to 2.00 Å , and high P ave values, ranging from 77.9 to 99.7% (Table II) , indicating 3D structural similarity among sequences in each family.
Furthermore, when catalytic residues in different members in the same family have been identified, they are nearly always the same, appear in the same relative positions and can be superimposed (Table III) . Finally, as seen below, the same mechanism is found throughout a family.
Family KR1. Family KR1, with over 55 000 primary structures at the time of writing, is the largest family in any enzyme group in ThYme. They come from bacteria, eukaryota and archaea, and display many different functionalities. KR1 includes many reductases and dehydrogenases, most not part of fatty acid and polyketide synthesis or of b-oxidation. A sample of the functions of enzymes in KR1 appears in Table I along with a representative UniProt accession code; a more complete list appears in Supplementary Table SI, which includes known crystal structures to date.
The 3-oxoacyl-ACP reductases (EC 1.1.1.100) are found in KR1. They reduce 3-ketoacyl-ACP to 3-hydroxyacyl-ACP in type II fatty acid biosynthesis, where the individual enzymes of the fatty acid synthesis cycle are separate proteins. They are present in bacteria as FabG enzymes (Rawlings and Cronan, 1992) , and are also found in plant chloroplasts. These enzymes are also present in eukaryotic mitochondria (Schneider et al., 1997) , where type II fatty acid synthesis also occurs (Hiltunen et al., 2009). 3-Oxoacyl-CoA reductases, the enzymes that catalyze the KR step in fatty acid elongation (Han et al., 2002) , are also found in KR1.
Also in KR1 are ER enzymes that reduce enoyl groups in acyl chains to single bonds, 2,4-dienoyl-CoA reductases, which are auxiliary enzymes in fatty acid b-oxidation (Helander et al., 1997), and trans-2-enoyl-CoA reductases, present during fatty acid elongation (Das et al., 2000) .
Most enzymes in KR1 belong to the short-chain dehydrogenase/reductase (SDR) superfamily. These enzymes have been extensively reviewed (Kavanagh et al., 2008) and classified (Kallberg et al., 2010) . Not all SDR enzymes are present in KR1. The present ones include the 3-hydroxyacyl-CoA dehydrogenases (EC 1.1.1.35) that catalyze the reverse (from a hydroxyacyl to a ketoacyl) reaction on various acyl-CoA substrates in fatty acid b-oxidation, as well as many shortchain dehydrogenases, carbohydrate dehydrogenases and steroid dehydrogenases, listed in Supplementary Table SI. KR1 tertiary structures are conserved NAD(P)-binding Rossmann folds. Their catalytic sites include a highly conserved triad formed by Tyr, Lys and Ser residues (Kallberg et al., 2010) . The mechanism in KR1 enzymes is exhibited by Streptomyces coelicolor actinorhodin polyketide ketoreductase. The Ser residue forms a hydrogen bond with the substrate keto group. The Lys residue orients the ribosyl ring of NAD(P)H by forming a hydrogen bond with its hydroxyl groups. The protonated Tyr residue hydrogen-bonds with a hydroxyl group of the ribosyl ring and adds a proton to the substrate keto group. A hydride ion is transferred to the substrate carbon atom of the keto group from the nicotinamide ring of NAD(P)H, leaving the latter positively charged (Korman et al., 2004) . A water-mediated proton relay then takes place to reprotonate the Tyr residue.
Most KR1 (and SDR) enzymes employ the above catalytic mechanism. The catalytic Tyr, Lys and Ser residues of Brassica napus 3-oxoacyl-ACP reductase (FabG), S.coelicolor polyketide-ACP reductase, Candida tropicalis 3-hydroxyacyl-CoA dehydrogenase, Bacillus megaterium glucose dehydrogenase and Comamonas testosteroni steroid dehydrogenase are in the same position when superimposed (Fig. 2a) . However, even though their structures are nearly Fatty acid synthesis cycle enzymes identical to those of other KR1 members (Fig. 2b) , the catalytic residues of dienoyl-CoA reductases appear in a different conformation (Kavanagh et al., 2008; Fig. 2c ). This has been noted, and the enzymes with ER function in KR1 have been described as 'divergent SDRs' (Kavanagh et al., 2008) .
Family KR2. KR2 mainly contains acyl-CoA dehydrogenases sequences involved with fatty acid b-oxidation. Their most common function is dehydrogenation of 3-hydroxyacyl-CoA substrates of various chain lengths. Included are the aerobic or anaerobic bacterial fatty acid oxidation complex subunit a-dehydrogenase domains (FadB or FadJ) (Campbell et al., 2003) , plant peroxisomal fatty acid b-oxidation multifunctional protein (MFP) dehydrogenase domains (Graham and Eastmond, 2002) expressed during seed germination and eukaryotic peroxisomal and mitochondrial b-oxidation dehydrogenase domains, some active on long-chain fatty acids (Uchida et al., 1992) . Human 3-hydroxyacyl-CoA dehydrogenase displays the KR2 enzyme mechanism. A nitrogen atom from a His ring abstracts a proton from the substrate hydroxyl group while its position is stabilized by a hydrogen bond between the other His-ring nitrogen atom and an adjacent Glu residue. Meanwhile, a hydride ion is transferred from the substrate carbon atom bonded to the dehydrogenated hydroxyl atom to a carbon atom in the NAD(H) pyrimidine ring (Barycki et al., 2001) . The His and Glu residues appear in the same conformation in a FabB enzyme (Table III) . Even though KR1 and KR2 share the same NAD(P)-binding Rossmann fold, they employ different mechanisms and contain different catalytic residues.
Family KR3. In KR3 are the 3-oxoacyl-ACP reductase (EC 1.1.1.100) domains of fungal FASs, which are part of type I fatty acid synthesis. Fungal FASs are composed of two subunits, with the KR domain residing in the a-subunit along with the ketoacyl synthase domain (Mohamed et al., 1988) . Bacterial sequences are also present, all produced by actinobacteria. Apparently no mechanism has been proposed for any enzyme in this family. Three residues in the active site of the KR3 domain of Saccharomyces cerevisiae FAS are Ser827, Tyr839 and Lys843 (Lomakin et al., 2007) , the same residues found in essentially the same positions relative to each other as in KR1 enzymes (Table III) . This and the fact that the same NAD(P)-binding Rossmann fold is also found in KR3 suggest that the KR3 domain in the a subunit of fungal FASs employs the same mechanism as KR1, or SDR superfamily, enzymes.
Family KR4. The KR4 family is composed of 3-oxoacyl-ACP reductases (EC 1.1.1.100) that form the KR4 domains of animal FASs, as well as bacterial and fungal multimodular polyketide synthases (PKSs). The animal FASs contain all catalytic domains, KR among them, in a single unit needed for fatty acid synthesis (Wakil, 1989) . PKSs vary according to their product molecule, yet most require a keto-reduction step and have KR domains (Khosla et al., 1999) .
KR4 enzymes also have the NAD(P)-Rossmann binding fold. Their catalytic sites, like those in KR1 and KR3 members, also include Tyr, Ser, Lys triads, and employ a similar catalytic mechanism. However, in KR4 enzymes the Lys residue appears in a different conformation (Keatinge-Clay and Stroud, 2006) . Animal FASs and bacterial erythromycin PKSs have Tyr, Ser and Lys residues in the same conformation as each other (Table III) .
Family HD1. The HD1 enzymes found in bacteria have enoyl-CoA hydratase (ECH) activity and catalyze the reverse HD reaction, where an enoyl group is hydrated to a hydroxy group. The ECHs involved in polyhydroxyalkanoate biosynthesis (Hisano et al., 2003) are found in HD1; however, the biochemical in vivo function is not completely understood for most of the sequences. Hisano and coworkers proposed that an Asp residue activates a water molecule and a His residue donates a proton to the substrate. Johansson et al. (2006) also found that Asp and His residues are essential for catalysis in another HD1 bacterial ECH. HD1 enzymes also include plant and animal sequences; among them is human 3-hydroxyacyl-ACP dehydratase, which catalyzes the HD step in mitochondrial type II fatty acid synthesis (Autio et al., 2008) .
Family HD2. HD2 enzymes also have ECH activity, and they are active on many substrates in several pathways. Included are the ECHs active in mitochondrial fatty acid b-oxidation (Minami-Ishii et al., 1989) . Also present are plant peroxisomal fatty acid b-oxidation MFP ECH domains (Graham and Eastmond, 2002) expressed during seed germination. Other proteins found in HD2 are eukaryotic peroxisomal and mitochondrial b-oxidation ECH domains, some active on long-chain fatty acids (Uchida et al., 1992) . Some of these multimodular enzymes are also present in KR2, as their dehydrogenase domain belongs to that family.
The mechanism of HD2 enzymes is exhibited by ECHs. It was proposed that a Glu residue acts as an acid by donating a proton to the substrate while another Glu residue activates a water molecule for nucleophilic attack of the hydroxyl group (Engel et al., 1996) . Family HD3. HD3 enzymes are produced by bacteria and eukaryotes and are either hydratases or dehydratases. HD3 contains the HD domains of fungal multimodular FASs. Fungal FASs are composed of two subunits, with their HD domains residing in the b-subunit along with ER, acyltransferase and thioesterase domains (Mohamed et al., 1988) . HD3 enzymes also appear with KR3 and ER3 enzymes in the same fungal FAS sequences, although each family is found in a different catalytic domain. The ECH domains of peroxisomal fatty acid b-oxidation bifunctional proteins are present in HD3 (Osumi and Hashimoto, 1979) . 
Fatty acid synthesis cycle enzymes
The hydration mechanism is an attack by a water molecule coordinated by two catalytic residues, Asp808 and His813 in C.tropicalis 2-enoyl-CoA hydratase 2, on the substrate double bond (Koski et al., 2004) . These residues correspond to Asp1551 and His1564 in S.cerevisiae FAS (Lomakin et al., 2007) .
Family HD4. The HD4 family is composed mainly of 3-hydroxyacyl-ACP dehydratases (EC 4.2.1.61) that form the HD domains of animal multimodular FASs. Several HD domains from bacterial multimodular PKSs are also present. HD4 enzymes also appear with KR4 and ER4 enzymes in the same animal FAS sequences, although again each family is found in a different catalytic domain.
The proposed mechanism of HD4 dehydratases, by analogy with HD5 dehydratases, is deprotonation of the substrate by a His residue and protonation of the substrate's hydroxyl group by an Asp residue, followed by detachment of a water molecule and formation of a double bond in the substrate (Maier et al., 2008) .
Family HD5. Most sequences in HD5 are 3-hydroxyacyl-ACP dehydratases that catalyze the HD reaction in type II fatty acid synthesis and are known as FabA enzymes. They are almost exclusively present in proteobacteria. These enzymes act on medium-length acyl chains, especially on 10-carbon ones (Heath and Rock, 1996) .
In Escherichia coli b-hydroxydecanoyl-ACP dehydratase, the uncharged Nt atom on a His residue abstracts a proton from the substrate's C2 atom, leaving the former positively charged, while the protonated carboxyl group on an Asp residue of the adjacent enzyme subunit abstracts the hydroxyl group on the C3 atom, producing a water molecule and leaving the C3 atom negatively charged (Leesong et al., 1996) . Leesong and coworkers also identified the HotDog fold in FabA enzymes, which enzymes in HD1, HD3, HD4 and HD6 also contain.
Family HD6. Most HD6 sequences are FabZ enzymes that catalyze the HD reaction in type II fatty acid synthesis. They are present in bacteria and in a few plants and other eukaryotes. FabZ enzymes are very similar to FabA ones, but they have broad substrate specificities, acting both on short-and on long-chain acyl chains (Heath and Rock, 1996) . Kostrewa et al. (2005) proposed a mechanism with Plasmodium falciparum HD FabZ identical to the mechanism of HD5 FabA (Leesong et al., 1996) . Family HD7. Family HD7 contains mainly fungal sequences, among them 3-hydroxyacyl-ACP dehydratases, which catalyze the HD step in mitochondrial type II fatty acid synthesis (Kastaniotis et al., 2004) . Autio et al. (2008) by phylogenetic analysis separated fungal (HD7) from animal (HD1) mitochondrial type II fatty acid synthesis HD sequences. No tertiary structures have been resolved for HD7, although it likely has a HotDog-like fold due to slight sequence similarity with family HD1.
Family HD8. All HD8 sequences are eukaryotic, with fungal, plant and animal sequences present; there is no known tertiary structure for this family. Sequences include the 3-hydroxyacyl-CoA dehydratases, which catalyze the HD step in fatty acid chain elongation in the endoplasmic reticulum (Cinti et al., 1992) .
Family ER1. This family has been merged into KR1 in ThYme, as all its entries are present in KR1.
Family ER2. ER2 enzymes are present mainly in bacteria, but they also are found in plants, green algae and acomplexans. Most enzymes are enoyl-ACP reductases (EC 1.3.1.9), also known as FabI enzymes, that catalyze the ER step in type II fatty acid synthesis (Bergler et al., 1994) . ER2 enzymes also have a NAD(P)-Rossmann binding fold. They have also been labeled as 'divergent SDRs' (Kavanagh et al., 2008) , as they possess the same fold as SDR enzymes, but their catalytic residues and mechanisms are different. They are known target enzymes for antimicrobial drugs, and their tertiary structures complexed with ACP have been resolved (Rafi et al., 2006) .
The mechanism of ER2 enzymes is exhibited by InhA, the Mycobacterium tuberculosis homolog of FabI enzymes. A Lys residue holds the NADH cofactor in place by a hydrogen bond between its amine group and a hydroxyl group of the NADH ribosyl group. The Tyr residue's hydroxyl hydrogen atom forms a hydrogen bond with the substrate thioester carbonyl oxygen atom. A hydride ion from NADH is transferred to the C3 atom of the substrate, followed by a proton, presumably from the solvent, transferring to the C2 atom (Rozwarski et al., 1999) .
Family ER3. ER3 enzymes include the enoyl-ACP reductases that form the ER domains of multimodular fungal FASs, composed of two subunits, with the ER domain residing in the b-subunit along with HD, acyltransferase and thioesterase domains (Mohamed et al., 1988) . ER3 enzymes in fungal FASs have TIM barrel folds, and they are flavin mononucleotide (FMN)-dependent (Jenni et al., 2007) . Jenni et al. (2007) have proposed a two-step mechanism without specifying individual residues. Many actinobacterial sequences are also present in ER3, but their functions have not been experimentally verified.
Family ER4. The ER4 family includes the enoyl-ACP reductase domains of multimodular animal FASs, as well as bacterial and fungal multimodular PKSs. The animal FASs are homodimers containing all catalytic domains, ERs among them, needed for fatty acid synthesis (Wakil, 1989) . PKSs vary according to their product molecule, yet most require an enoyl reduction step and have ER domains (Khosla et al., 1999) . ER4 enzymes have NAD(P)-binding Rossmann folds, but are not part of the SDR superfamily.
Little is known about the catalytic mechanism of ER4 enzymes. Candidate proton donors to the substrate double bond after hydride transfer from NADPH are Lys1771 and Asp1797 (Sus scrofa ER numbering) (Maier et al., 2008) .
Family ER5. Members of ER5 appear in eukaryota and bacteria. The largest number of them is constituted by trans-2-enoyl-CoA reductases (EC 1.3.1.38). They are usually mitochondrial in eukaryotes, and they have been characterized in fungi as ETR1 0 s (2-enoyl thioester reductase-1 0 s) (Torkko et al., 2001 ) and in mammals as MECRs (mitochondrial trans-2-enoyl-CoA reductases) (Miinalainen et al., 2003) . They are thought to be involved with mitochondrial fatty acid synthesis.
By analogy with other ERs, Airenne et al. (2003) proposed that a Tyr residue of C.tropicalis enoyl thioester reductase forms a hydrogen bond to the substrate carbonyl oxygen atom, stabilizing the transition state and allowing hydride ion transfer from NADPH to the substrate double bond. Later Chen et al. (2008) proposed that a Trp residue is also key for catalysis.
Family ER6. ER6 members include 2,4-dienoyl-CoA reductases (EC 1.3.1.34), known as FadHs in bacteria, that use NADPH to remove double bonds at even-numbered positions along the acyl chain used in fatty acid metabolism (He et al., 1997) . ER6 also includes many other reductases (Supplementary Table SI) and NADPH dehydrogenases such as Old Yellow Enzyme.
ER6 enzymes have TIM barrel folds. They are iron-sulfur enzymes that contain FMN and FAD, and they need NADPH to provide electrons for catalysis. Hubbard et al. (2003) have proposed a mechanism where in the final step Tyr and His residues protonate the substrate.
Families in fatty acid synthesis and elongation. How KR, HD and ER families appear in the different types of fatty acid synthesis is summarized in Table IV and Fig. 3 . In fungal type I fatty acid synthesis, KR3, HD3 and ER3 domains are present in large multidomain FASs made up of two subunits. For animal type I fatty acid synthesis, KR4, HD4 and ER4 domains are found in single large multidomain FASs. In type II fatty acid synthesis, present in bacteria Fatty acid synthesis cycle enzymes and plants, with freestanding independent enzymes, the KR (FabG) enzymes are present in KR1, the HD enzymes are present in HD5 (FabA) and HD6 (FabZ) and the ER enzymes (FabI) are found in ER2. For mitochondrial type II fatty acid synthesis in eukaryotes, the KR enzymes appear in KR1, the animal HD enzymes are found in HD1, the fungal HD enzymes are in HD7 and the ER enzymes appear in ER5. Eukaryotic fatty acid elongation in the endoplasmic reticulum also includes KR, HD and ER steps (Cinti et al., 1992) ; their enzymes are found in KR1 and HD8. Both KR and ER steps appear in KR1, into which ER1 has been merged. The NAD(P)-binding Rossmann fold in KRs is maintained in all types of fatty acid synthesis. The HotDog fold prevails in HDs, except for HD2 enzymes, which have ClpP/crotonase folds, and for HD7 and HD8, for which no tertiary structures have been resolved. ER folds vary by family. Fungal ER domains have TIM barrel folds, while both animal and bacterial ER enzymes contain NAD(P)-binding Rossmann folds, and mitochondrial ER enzymes contain a GroES-like fold in addition to the NAD(P)-binding Rossmann fold. The catalytic residues and mechanisms are conserved among individual KR, HD and ER families.
Conclusions
KRs, HDs and ERs are essential components of the fatty acid synthesis and elongation, polyketide synthesis and b-oxidation degradation cycles, which have been classified into different families by their primary and tertiary structures. This has led to four KR families, eight HD families and five ER families. Their catalytic domains, functions and mechanisms characterize each family.
Supplementary data
Supplementary data are available at PEDS online.
